Detailed surface characteristics of the particles produced during fretting may well be significant in determining their biological effects. Apart from a broad size determination very few attempts have been made at devising means of describing profile textures of particles. An approach is presented for describing the nature of particle shape and surface texture, as detected on the particle profile. Careful processing and analysis of the digitised image enabled both the sizes of micro-projections and their relative numbers to be determined. Such processing of images of a large number of particles generated a considerable amount of data. An artificial neural network was used to categorise the data and to compare the nature of fretting particles generated by titanium, titanium-molybdenum and stainless steel. Although showing a tendency towards a spherical form, all three metals produced different results, with titanium showing the greatest diversity of textures and sizes, steel the least.
Introduction
Cells respond to the physical presence of particles, in addition to any chemical products that arise from the particles' exposure to the physiological environment. As the physical features of particles, such as size, shape and surface texture can vary enormously, it is appropriate to ask the question; will such variations influence the response of the cell? Establishing effective protocols for quantifying the morphological features of particles is therefore a prerequisite to confronting this question Particles initiate most biological responses as a consequence of their phagocytosis into immune system cells. The capacity to be phagocytosed imposes a size criterion on the particles that is likely to be a major determinant in biocompatibility. Shanbhag et al. (1994a) suggested a lower, as well as an upper size limit for phagocytosis to take place, and that the smaller diameter particles (<0.15µm) are less inflammatory than those which are >1.76 µm. They suggest that this difference reflects the two potential pathways of particle uptake: the smallest particles could be internalised by pinocytosis and the larger variety by phagocytosis. These two events have very different consequences on subsequent cell behaviour. As phagocytosis is the initial stage of an inflammatory response, it is accompanied by the release of various chemical mediators. Because pinocytosis is a routine cell activity, particles internalised in this way might not cause the secretion of such mediators. Oberdorster et al. (1994) describes an in vivo model in which particles are introduced into the pulmonary cavity of rats. The particles used in this case are composed of TiO 2 in two size groups, 250 nm and 20 nm. During the 1-year follow up period the smaller particles elicit a more persistent inflammation and impaired pulmonary macrophage function. Shanbhag et al. (1994b) noted that macrophage response, measured by mediator release, is dependent on the size of the dosed particulates in vitro. Also, hydroxyapatite particles only exhibit toxicity to cultured fibroblasts when dosed below the phagocytosable threshold (Evans, 1991) . Gonzalez et al. (1996) noted a similar phagocytosability threshold, in an in vitro study estimating the mediator release from human macrophages exposed to Polymethylmethacrylate (PMMA).
It is also possible that more subtle shape and texture parameters may also influence either the tendency for a particle to be internalized, or the subsequent cell response. It is becoming increasingly apparent from a wide range of studies that cells are very responsive, in a tactile sense, to the environment in which they exist. Cell behaviour and phenotype may be influenced by the physical nature of the substrate upon which they are cultured or the extra-cellular European Cells and Materials Vol. 1. 2001 (pages 1-11) ISSN 1473-2262 matrix in surrounding tissues (den Braber et al. 1995 , Chesmel and Black 1995 . In the orthopedic context, the textural nature of the biomaterial surface can dictate the nature of the implant/tissue interface. Some workers have investigated the effect of shape and texture on particle biocompatibility. Gelb et al. (1994) describes in vivo inflammatory response assays using PMMA particles of two kinds. Firstly, ground large fragments of PMMA with rough, irregular outlines and secondly, commercially obtained smooth PMMA spheres. Both particle groups have a similar population size profile. After preparation, the particles are tested in a subcutaneous rodent pouch model and the consequent inflammatory response estimated by assaying blood samples for various cytokines and white cell counts. Gelb et al. report that irregular shaped particles provoke a significantly greater inflammatory response as expressed by tumour necrosis factor-α, metalloprotease and prostaglandin E 2 levels as well as white cell counts. Although they demonstrate that shape and texture are possible determinants in particle biocompatibility, no attempt is made to quantify these features.
Particulate wear debris has been identified as a causal factor in a number of disease conditions associated with the use of orthopedic implants. Consequently, the nature of the wear debris is the subject of a number of studies: Shanbhag et al. (1994 b) examine particles of titanium alloy, steel and polyethylene retrieved from tissues during the revision of hip prosthesis. Size analysis of the scanning electron micrographs demonstrates a predominant (92%) sub micron distribution. Schmiedberg et al. (1994) use similar scanning electron microscopy techniques to examine particles produced in a vertebral disc prosthesis wear simulator. A similar, mainly submicron size distribution is noted and attempts at shape characterization of the particles are made. TiAlV fragments are described as "rough and irregular", CoCrMo, "irregular polyhedron" and forged CoCrMo as spherical. A comprehensive review of the existing literature describing the size and shape of wear debris is presented by Savio et al. (1994) . Whereas many of the papers reviewed (over 200) provide precise size details, and some colloquial descriptions of morphology, none attempt quantifiable shape and texture estimates A number of approaches to characterizing the shape or texture of objects have been published, in a variety of disciplines. Flook (1984) provides a useful comparison of the quantitative methods of shape characterization, namely form factors, Fourier analysis and fractal dimensions.
Form Factors
Form factors are dimensionless values generated by calculating a ratio of two simple geometric features. Fong (1978) uses the form factors "chunkiness" (width / length) and "external compactness" (diameter of embracing circle / diameter of circle of equivalent area) to describe shape changes in iron powder grains produced by various chemical reduction techniques. McKenzie et al. (1996) applies the "degree of roundness" ( [4π x area] / perimeter 2 ), to examine the shape of β-amyloid plaques in brain sections of Alzheimer's disease victims. A commonly applied image analysis routine, included in the proprietary image analysis software (PC_Image, Foster Findlay), used in the current study, applies the form factor "circularity" (4x [area / perimeter 2 ]) to estimate shape. In all cases actual size must also be considered, in addition to the form factor, for a meaningful description of an object.
Particle size analysis has been attempted in light (Case et al.,1994; Meachin et al., 1973) and electron microscopical (Margevicius et al., 1994; Maloney et al., 1996) studies. Size is readily quantifiable in terms of area, radius or diameter. It is important to consider carefully the appropriate parameter with which to express size in light of the principal pathway by which particles normally exert any biological effects, namely phagocytosis. A number of workers, using particles of various sizes, have identified an increase in inflammatory potential for particles below the phagocytosable threshold (Evans, 1991; Gonzalez et al., 1996; Shanbhag et al., 1994a) . It is generally accepted that phagocytotic cells can internalize spherical objects of up to 15-20µm in diameter. Irregularly shaped particles can also probably be internalized, as long as the longest axis (maximum feret diameter) does not exceed to same 15-20µm value. Expressing particles' sizes as area might lead to erroneous conclusions regarding potential biological effects as a rod shaped particle could have a similar diameter to a spherical one of a much smaller area. It is therefore more appropriate to present particle size as a longest diameter or length measurement. Literature describing orthopaedic wear debris does not provide any useful precedents for choosing a method for shape description (Savio et al., 1994) . However, Flook (1984) does suggest that form factors are an effective method for describing shape.
Textural analysis of particles
The term texture is taken to mean the two-dimensional outline of a particle profile. Texture has also been defined in terms of the one-dimensional surface characteristics of an image, by using grayscale, optical density values (McKenzie et al., 1996) . Several approaches are possible to provide this type of analysis.
Fourier or Harmonic Analysis
Fourier analysis describes the perimeter of the particle, using the centre of gravity as an origin, as a periodic function that is then expanded as a Fourier series. Flook (1984) notes that the Fourier method can describe particle shapes to a reasonable degree of accuracy but the number of harmonics required for the finest levels of detail would prove to be impractical to handle. One possible advantage to this approach is that a dimension related description is obtained. Investigators of fretting particles have not yet taken this approach. Recently however, the increased availability of powerful personal computers has made complex image processing and analysis procedures more accessible, and consequently worthy of consideration in this context.
Fractal Dimension
The Fractal Dimension (FD) is a value describing the shape filling capacity of a rough boundary. The concept of FD is based on the non-Euclidean system of geometry described by Mandelbrot (1982) and it has been used in a number of research applications. Whalley and Orford (1982) apply FD measurements to SEM images of sedimentary particles and Kaye (1986) employs similar methods to the outline of fine powders. Keough et al. (1991) , Smith et al. (1989) , Landini and Rippin (1996) and Matsushita et al. (1991) study cell shapes. Calculating a FD for a given object is a complex procedure based upon measurement of perimeter in terms of decreasing units of measurement, and requires a significant amount of data processing. Although this is essentially a geometric measurement approach it is a method that can be modified for the processing of digitally stored images. Because this factor has been applied in a number of studies its application to fretting particle shape description was attempted in the present study.
Digital image analysis
It is a prerequisite of computer-based analysis that images are converted into a digital format. This has resulted in fundamental changes to image handling methodologies. Traditionally, microscopes (of light and electron designs) were fitted with conventional photographic devices for recording images of interest. Such images then needed to be scanned into a digital format for analysis. However, devices that collect digital images directly from cameras or microscopes are now in common use. Because they are stored in a numerical format, digital images can also be processed (contrast adjustment, sharpening, etc.) and analysed (quantification of areas, optical density, etc.). A digital image, or bitmap, represents an analogue image in a series of lines of pixels, which are stored as numbers. The quality of representation of the image is dependent on the number of pixels stored per line and number of lines in the digital image. The numerical value attributed to a pixel will vary. In a black and white (binary or 1-bit) image the pixel value can be only "1" or "0", representing white and black respectively, and the information is essentially twodimensional. 8 bit grayscale images use 256 shades of gray including black (0) and white (255). 10, 12 or 16 bit images will store more levels of grayscale information for each pixel, respectively. There is considerably more information in the 256 gray levels of an 8 bit image than the 60, or so, that the human eye can separate. This information is however available for image analysis. For image analysis procedures the information in a grayscale image must normally be processed to define areas to be measured in the form of a binary image. This process is known as thresholding.
The main scientific advantage of computerized image analysis is the non-subjective manner in which information can be assessed. The computer can also detect contrast dependent information that is not always apparent to a human observer. The speed and repetitive potential of computers provide practical advantages that can facilitate the application of complex routines (such as fractal analysis), which would otherwise be impractical for collecting meaningful numbers of experimental replicates. Computer aided image analysis procedures can require image parameters that are different from those used in generating images for photographic reproduction. Images should emphasize the features of interest, on the basis of brightness contrast, in a way that makes them suitable for subsequent analysis procedures. This should be considered at the earliest stages of specimen preparation as well as in the choice of microscopy protocols to be applied.
Textural Elements (TE)
The collection of particle images in the digital format opens purely digital approaches to the description of image profile texture. This is the approach we have taken in developing a fundamentally new method to such texture description. We have called this the Textural Element (TE) method.
Although the Fractal Dimension provides an overall textural roughness factor, presenting the textural metric as a single value limits its descriptive potential and takes no account of variability in the surface components. It is also a scale independent descriptor. Scale independency is fundamental to fractal theory but in the case of fretting particles, knowing the specific size range of textural detail is important. The effect that particulates might exert on cells and tissues could well relate to the sizes of particle surface textural features. Cells normally lie in a size range of 5-30mm. Textural elements within this range, and smaller, are likely to influence cell behaviour. Therefore a textural description method that could analyse surface texture in terms of its size range was developed and its potential usefulness investigated.
In the TE method, surface projections (textural elements) of the particle profiles were identified. Successively larger textural elements were isolated in a sequence of "passes" until a complete profile of the particle surface features was built up. Three image-processing functions were used. These were, erosion, dilation and a logical XOR function. The method had two stages: Firstly, a particle outline was subjected to a sequence of erosions (passes), followed by a similar number of dilation passes, fine elements of surface detail were lost as a consequence of this process. Secondly, the resulting image was "subtracted" from the original image (a copy of which was retained in the computer memory for this purpose) using the logical XOR function. The result of this subtraction provided an image that contained only the TE, which had been removed during the original erosion/dilation sequence. Fine TE were detected at low numbers of erosion/dilation passes and larger TE isolated with more passes. By performing a sequence or passes of increasing magnitude it was possible to compile data describing the surface texture of the particle over a wide size range. For an accurate description it was necessary to filter out elements that were detected by more than one of the erosion/dilation sequences. In these cases only the record for the larger TE was retained, otherwise the number of finer TE were overestimated. Applying this method resulted in the acquisition of a substantial amount of multivariate data. Artificial neural network software was employed to examine the properties of that data, and relate it to the particle material of origin.
Generation of wear debris
Previous workers have obtained particles from two sources. Some have been isolated from tissues obtained during surgical replacement or revision of prosthesis (Campbell et al., , 1995 Lee et al., 1992; Maloney et al., 1995) . Others have produced them by fretting wear simulators in the laboratory (Rogers et al., 1993) . In deciding which method of particle production would be appropriate for this study a number of criteria were considered. To perform a series of cell cultures with appropriate controls and replicates, in a related study, a large number of particles were required. For experimental integrity all particles used in comparable cell cultures should also be from the same batch of manufacture. A method that generated a large quantity of particles was therefore required. Particles would only be suitable for use in cell culture if they did not introduce any infectious agents. The method of particle production, therefore, had also to be sterile. Some experimental approaches required that the particles be produced under a variety of conditions. This feature was principally concerned with the suspending fluid into which the particles were produced. This could vary in terms of temperature, pH, protein and inorganic salt content. The most appropriate analogue of the in vivo situation was to produce particles in a serum solution. Serum is a perishable substance, which will degrade after a few days in culture, the particle production method, therefore, had to be able to produce a sufficient volume of particulates within this time scale.
Particles were produced in a specially designed in vitro fretting simulator. Rogers et al. (1993) describes a laboratory fretting wear simulator for generating debris for experimental purposes. The system, using a rotating rod against a static disc, is based on the ASTM defined standard for wear simulators. Although, this method will produce large the amounts of debris, the incorporation of an electric motor into the system makes it difficult to sterilize. To facilitate the sterile production of particles a system was devised which used a laboratory magnetic stirrer and Teflon coated following head. The following head was studded on the underside with pins of the desired metal and then placed in a beaker, to the bottom of which a disc of the same type of metal was attached. The fluid to suspend the particles was placed in the beaker that could then be sealed and autoclaved as a closed unit. When placed on the magnetic stirring unit the metal pins rotated relative to the disc, causing liberation of wears debris into the suspending medium. After a sufficient number of particles had been produced, the beaker could then be unsealed under aseptic conditions and the particles removed.
Materials and Methods

Metals used
Three different types of implant quality metals were used in this investigation. Stainless steel was standard surgical implant specification for wrought 18 Chromium -14 Nickel -2.5 Molybdenum (ISO 5832/1). Standard implant-quality unalloyed titanium (CpTi -ISO 5832/2) was used. The titanium-molybdenum alloy had the formulation Ti-15Mo and was an experimental implant alloy.
Generation of particles
Particles were generated using a specially designed particle generator (Fig. 1) . The generator was loaded with the Teflon follower and distilled water. The beaker, and its contents, was then placed on a conventional magnetic stirrer and the follower caused to rotate at a medium speed for periods of 24h or more, depending on the amount of particles required for an experiment. Particles for microscopic analysis were then removed and washed in distilled water. They were then stored in distilled water until required.
Microscopy
Standard SEM specimen mounting stubs were used to hold the samples. A smooth plastic Thermanox (polyethylene terephthalate) disc was attached to the upper surface of the stub. The surface of the disc was connected electrically to the aluminum stub by means of a drop of conductive silver paint. The particle suspensions were placed on the disc and the solvent was allowed to evaporate, so depositing the particles on the smooth surface. Apart from providing a smooth surface the plastic disc had the added advantage of improving imaging by providing the Restore original binary image Characterizing fretting particles metal wear debris with a smooth background against which they contrasted. The surface of the Thermanox was coated (after particles were dried on) with a thin film of evaporated carbon in a Polaron E3000 coating unit. The optimal concentration of particles achieved a balance between having sufficient particles in each field of view so that one micrograph could provide a number of experimental replicates while avoiding clumping of the particles. The original particle suspension was centrifuged, in an ordinary bench centrifuge, and the supernatant water replaced with the same volume of absolute alcohol. As alcohol is more volatile than water the evaporation was faster, leaving less time for the aggregation of particles. In addition, as alcohol is a non-polar solvent it does not "bead" on the surface of the Thermanox disc. Applying ultrasound to the base of the SEM stub, and a flow of warm air over the surface, during the solvent evaporation also ensured effective dispersal of the particles.
The JEOL JSM840 SEM was used in secondary electron collection mode with standardized settings of 4kV accelerating voltage (to optimize edge resolution), 5mm working distance, to optimize resolution, and a magnification of 3,000. After setting brightness and contrast controls to provide the full contrast range the digital images were collected using a KE Developments Printerface v. 2 frame grabbing software and board. Digital images of 650 x 764 pixels were stored of 50, randomly selected, fields of view. The images were archived to CD-ROM in the form of Windows bitmap image files.
Image Processing and Analysis
All image processing and analysis was carried out using PC_Image v2.2 (Foster Findlay) image analysis software, mounted on a personal computer. Applying Contrast stretching to all the images, before analysis, ensured that the full contrast range available in each grayscale image was made available for subsequent thresholding to binary. The grayscale level range to be selected for thresholding to form a representative binary image was set manually for each image to ensure selection of the complete outline of each particle. Some noise and artifactual components of the original grayscale image possessed the same gray values as the particles. Consequently these objects were included in the resulting binary as well as the desired particles. Binary image editing procedures were used to remove the unwanted components prior to measurements being taken of the detected objects. Objects below 30 pixels in size were filtered out of the data. Particles partially included at the edge of the image were eliminated. Large artifactual elements of the binary image that could not be distinguished automatically by size were eliminated manually.
Measurement and form factor
Calibration was performed in the PC_Image software on images of 1.1 µm diameter latex calibration spheres (Sigma), stored at exactly the same microscope settings as used for recording the particle images. The mean diameter of the latex spheres was found to be 42 pixels; therefore objects of 0.026µm were the smallest that could be resolved, as single pixels, with this system. The objects (particles) in the binary image were examined for size (diameter) and shape. The shape parameter chosen was circularity, defined as:
The measured parameters for each particle were saved and finally transferred to Microsoft Excel 97 for further analysis.
Fractal Dimension
Fractal Dimension (FD) data was generated, using PC_Image, from digital images of wear particles by application of the Flook (1978) boundary dilation method to produce the data necessary for generating a Richardson plot. The process is illustrated in Fig.2 . Consideration of possible curve break points and the calculation of final Fractal Dimension values was then carried out on the data, using Microsoft Excel. The process was automated within Excel by producing appropriate Visual Basic Macrocode. This provided an FD value for each particle.
Textural Elements (TE)
The procedure used to perform the complete analysis of a single particle profile, using PC_Image, is depicted in Fig.3 . The data was then exported into a Microsoft Excel spreadsheet. Each particle's textural elements were classified, by percentage, into size categories. Checks for duplication of feature recognition were carried out, records for finer elements being eliminated from the data. Data for experimental groups and replicates within groups were compiled into a database. The database for particles from each metal type was then sorted by means of a Self Organizing Map (SOM) type of Kohonen type artificial neural network (ANN) (Neuframe V3.0 -Neural Computer Sciences), to determine if the differing patterns of surface texture were produced by particles of different types. The learning rate and neighbourhood parameters of 0.3 and 0.6 respectively were selected. A Visual Basic for Applications (VBA) macro, within Microsoft Excel, was composed to construct a visual representation of the grid from the Neuframe output file, the points that represented the data sets on the grid were reunited with their particle identities during this process. A logical depiction of the whole process to isolate TE is shown in Fig. 3 . (Fig. 4) shows the range of particle sizes that occured in the experimental samples. All of the measurements were made using images of this type. There was clearly an adequate difference in brightness between the specimen and the plastic Thermanox background for sufficient contrast to exist for effective image thresholding for image analysis.
Results
SEM image
Particle size classification
After compilation in a spreadsheet, the size data (maximum diameter) was categorized and expressed as percentage totals (Fig. 5) . The greater proportion of all metal type particles were found to be in the sub 0.5 µm diameter category, with slightly more steel particles appearing to be in the smaller categories. A far greater proportion of titanium particles were in the greater than 10 µm diameter range.
Particle Shape Classification
The circularity measurement used by PC_Image was unstable when describing small objects. When applied to experimentally generated 'perfect' (within digital constraints) spheres, which should all have circularity value of 1, it was apparent that any object below 100 pixels in area was not suitable for shape evaluation by means of these protocols. Consequently, only those particles above the 100-pixel area threshold were evaluated. These were µ Characterizing fretting particles equivalent to 0.068µm 2 (equivalent circle diameter of 0.29µm) particles. Therefore only the largest particles were considered, but as the form factor was more likely to be significant in determining the response of cells this was considered to be acceptable. In order to analyse the smaller particle range reliably a microscope with a higher resolving power would have to be used. The results are presented in Fig. 6 . For all metal types, the more rounded profile predominated, with titanium appearing to produce a more spherical profile than the other metals.
Fractal Dimension determination
Different patterns of distribution could be seen between the metal particles in the different fractal dimension categories (Fig. 7) . Whereas stainless steel predominated in the FD1.05 and 1.3 categories, the titanium and titanium / molybdenum were more prevalent in the FD1.1 and 1.15 types. Only titanium particles appeared to generate values of FD1.4. The greater proportion of the particles, of all three metal types, fell into the FD1.15 category. The relative closeness of the variations suggested that the differences between the metals were subtle rather than dramatic.
Textural Element deduction
Graphical representation of the distribution of the pooled textural element description of the different metal particles is presented in Fig.8 . The total numbers of, randomly selected, particles analyzed were 46, 119 and 64 for steel, titanium and Ti-Mo, respectively. A small tendency for larger textural elements to predominate was deduced subjectively from the data. This would suggest that the titanium and titanium / molybdenum particles were slightly 'rougher' than the steel ones. However, interpretation of such raw multivariate data is difficult.
To address the question of whether different metals produced particles of distinctly different textural profiles, the data was examined by the SOM ANN to attempt to identify inherent patterns. To test this approach control shapes of known defined textures were processed using the same method. Should the system have been unable to distinguish between such control-textures it was unlikely that classification of naturally occurring textures would be successful. 5 control textures were used and applied to objects of the same shape. 36 objects of each texture were replicated with slight variation in perspective and orientation, resulting in a database of 5×36=180 shapes. The database resulting from TE analysis of these objects was presented to the SOM ANN. Clear classification was achieved on a 10×10 grid with algorithm settings of Learning Rate and Neighborhood parameters of 0.3 and 0.6, respectively. The map presented in Fig 9 shows the patterns reported by the ANN. Clear distribution based on texture differences was achieved. Groups are encircled to illustrate that categorization. The metal particle shape database consisting of the particle textures was then subjected to the same procedure (Fig.10) . The resultant pattern was, not surprisingly, more complex than that obtained with the regularly defined control objects. Titanium particles were distributed into 67 different categories, 28 of them exclusive. Only 4 stainless steel particles, and 8 titanium / molybdenum, were placed in exclusive categories. There was a clear indication that Ti produced a far greater range of surface textures than TiMo and steel, respectively. By selecting the categories where metal particles were placed more than once, and eliminating single occurrences, there was, once more, a strong suggestion that each metal produced a distinctly different pattern. Titanium was distributed over a broad range of categories Titanium / molybdenum showed a distinct grouping and stainless steel was restricted in its distribution (Fig.11) .
Discussion
The digital approach to the analysis of micrographs, of artificially produced fretting particles, proved effective for analyzing the large numbers of replicate data produced. Analogous studies (reviewed by Savio et al. 1994 ) that examined micrographs manually do not include as much data as the present study. As wear debris in vivo is likely to produce particles in huge numbers, obtaining a respectable population sample is important to produce dependable results. However, once established, the techniques described here could be carried out on relatively small numbers of particles to provide useful indicators of potential biocompatibility problems.
A number of workers have attempted size classification of wear debris obtained both in vitro and in vivo. The evidence that wear debris produced by fretting processes exists in the sub micron size range (Case et al., 1994; Meachin et al., 1973; Margevicius et al., 1994; Maloney et al., 1995 Maloney et al., ,1996 was confirmed for each of the metals investigated (Steel -79.7%, Ti -63.8%, Ti-Mo -77.9%). Previous studies suggest that submicron particles show an inflammatory potential (DiCarlo and Bullough, 1992; Gelb et al., 1994) . However, this does not always seem to be the case and larger particles may also be implicated. A thorough analysis of particle shape and texture is therefore necessary. Meaningful correlation of the results presented here with previously observed shape data is more difficult due to the subjective way in which most previous studies have described shape. Our results, indicating a broadly spherical outline to the metallic particles generated, confirmed the qualitative description given elsewhere to metallic debris as having a greater tendency to form more 'globular' structures than do polymeric or ceramic particles (Savio et al., 1994) . Despite its limitations at the lower size range the circularity measurement showed that the metals studied did show circularity values close to 1 -that expected of the outline profile of a perfect sphere. Many of the studies which Savio et al. reviews, which suggested that metallic particles had a 'globular' profile, had been performed on wear debris retrieved from in vivo. This, as well as the correlation with the size data, suggests that the wear debris generator developed for this study, produced particles that resembled closely those obtained from fretting biomaterials in vivo. It also suggests that experiments where such particles might be administered either to cells in vitro or to tissues in vivo, for experimental purposes, the results should follow those to be expected in implant fretting situations. It also has the advantage of being easily duplicated, as well as enabling the production of sterile particles.
Analysis of digital images needs to be carried out with some caution, as the pixilated nature of the image can lead to erroneous conclusion in certain circumstances. Examination of the size data showed that the distribution did not return to zero for the smallest particles. Calibration of the system with latex spheres suggested that the effective resolution limit was about 0.026µm. However at this level of a single pixel particles were indistinguishable from noise. Consequently, it was found to be appropriate to eliminate objects with an area below 30 pixels (assuming spherical morphology, diameter = 0.1 µm). The circularity factor calculation also became unstable when considering objects that are smaller than this. A complete description of the population size profile would require working with higher resolution images. However, the biological effects of particle surface textural variation were more likely to be important in particles within the size range studied. Some caution may be required in the interpretation of the results in terms of their actual significance, because the method of deposition of the particles onto a flat surface may result in asymmetric particles being oriented in a preferred way during the deposition procedure. Alternative approaches to imaging the particles to ensure completely random orientation may be required to obtain accurate results. On the other hand this aspect of particle behaviour may have no significance whatsoever.
The observation that titanium produced significant numbers of particles above 10 µm diameter provides grounds for some speculation regarding clinical observations associated with the use of pure titanium devices. Dark pigmentation of tissue surrounding titanium devices is well known. Particles in the phagocytosable size range can be disseminated from the implant site within phagocytes (Case et al., 1994) . It is probable that particles above this size range accumulate at the site of the implant, resulting in the observed pigmentation. However, as titanium has inferior erosion resistance to the other metals, the observed tissue loading with this metal could just as easily be a quantitative effect.
Higher resolution images could be analyzed to describe the size profile of the entire population and also permit accurate shape quantification of the smallest particles. Such images would need to be obtained on a microscope with a higher resolving power than was available for the current work, such as a Field Emission SEM. However, as the range of particle sizes found in the population of fretting debris spanned a number of orders of magnitude, it might be appropriate to use a number of different magnifications when preparing micrographs of such populations. Accurate calibration of each magnification used would be required to ensure accurate integration of the results into the Figure 9 . Test of the distribution of data generated by the TE analysis of five artificially created textures to objects, as categorized by the SOM ANN. Five distinct distribution groups have been detected. complete experiment database. Also, when using images of different magnifications care would be needed, when selecting areas to be imaged, to ensure that a representative sample of the heterogeneous population was being examined. However, the basic approach described here would be applicable at all magnifications. In order to investigate the possible role of large titanium particles in tissue pigmentation, tissue samples could be retrieved, the metal content extracted and prepared for microscopy. The image analysis procedure described could then be applied to determine the size and texture profile of the particles. If large particles were being retained at the site of the pigmentation then the population size profile would be different from the heterogeneous population observed in this study, and a possible size-based discriminatory behaviour of the tissue phagocytes assessed. The effect of particle surface texture could also be studied in this way.
Both the established Fractal Dimension (FD) and the novel Textural Element (TE) technique, for describing outline texture, provided some useful information for comparisons to be made between the different metal types. Small proportions of the particle population, especially in the case of titanium, appear to show significantly different FD values. It is not possible, at the present moment, to identify the significance, if any, of such results. However, we have demonstrated a useful new method for characterizing surface textures of particles, which would be useful to apply to particles retained during tissue discoloration or from the lungs. Any possible discriminatory behaviour of tissue phagocytes on the basis of surface texture could then be tested.
The basis of TE analysis is most easily explained by reference to Fig.12 . Clearly, large projections from the surface of the particle will record as large elements. Small projections will be listed as small elements. Also smaller projections on the surface of larger ones should also be recorded. A complete profile of all the surface projections is generated. Some care is required when analyzing the data generated by the image analysis software. The coordinates recording the position of each particle must be retained, and used to check for duplication of records, in the results of different erosion/dilation passes. This check must be carried out otherwise an over-estimate of the number of small elements may be obtained. A very large number of data point are accumulated to describe each particle, which was difficult to analyse in its raw form. Some indication is given of differences between the metals by a crude compilation of the data into a chart (Fig.8) . Artificial neural networks are now well established as a means of identifying patterns in and comparing such large multivariate data sets (Hurst et al., 1997; Fukushima, et al. 1997; Marabini and Carazo, 1994, Eastham and ap Gwynn, 1997) . A Kohonen type of Self Organizing Map (SOM) was used in this study.
Several stages of data processing were necessary to transfer the image analysis data of the TE, first of all into a spreadsheet, for rearrangement into a suitable form for input into the neural network software. The SOM has no prior 'knowledge' of the identity of the type of particle represented by a particular set of data. Output from the ANN was in the form of a 2 dimensional grid onto which points representing the textural data sets were placed. The proximity of each point relative to the others is dependent on similarities (or dissimilarities) in the underlying data. The ANN program, Neuframe, accepts and produces data output compatible with a Microsoft Excel™ spreadsheet. Following a training session, using Neuframe, the resulting attempt at distribution of the data could be exported as a text file, which could be processed using Excel. A Visual Basic for Applications (VBA) macro, within Excel, was written to automate the arrangement of the data into a distribution map. Such a process can be time consuming, but does provide data that would not otherwise be available. One of the major difficulties with the application of artificial neural networks to data processing is that there is no direct check on the accuracy, or otherwise of the results. Only by testing known data against the system can confidence in the system be gained. For this reason the series of artificially produced test images that were analyzed in exactly the same way as the experimental particles provided useful evidence of the effectiveness of SOM for sorting similar data (Fig.9) . The result is not always immediately obvious, as a cursory examination of Fig 10 would suggest. However, by carefully filtering the data to accept only recurring patterns (Fig 11) a clear difference between the metal particle types emerges. Whether these differences were significant in terms of the biological response to such particles was outside the scope of the current study. Although elaborate to set up initially, once the computing stages are automated then reasonably rapid analysis of microscopic images is possible in this way. This provides some interesting new avenues for future research into the relationship between particle surface textures and cellular responses to it, both in vitro and in vivo.
